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The implementation of quantum networks involving quantum memories and photonic channels
without the need for cryogenics would be a major technological breakthrough. Nitrogen-vacancy
centers have excellent spin properties even at room temperature, but phonon-induced broadening
makes it challenging to coherently interface these spins with photons at non-cryogenic temperatures.
Inspired by recent progress in achieving high mechanical quality factors, we propose that this chal-
lenge can be overcome using spin-optomechanical transduction. We quantify the coherence of the
interface by calculating the indistinguishability and purity of single photons emitted from such a
device and describe promising paths towards experimental implementation. Our results show that
for ultra-high mechanical quality factor-frequency products, as have recently been achieved, our pro-
posed interface could generate single photons with high indistinguishability, purity, and efficiency
at room temperature—an important step towards room-temperature quantum networks.
Quantum networks will enable many applications such
as secure communication [1], blind quantum comput-
ing [2], private database queries [3], quantum clock net-
works [4], more precise telescopes [5], fundamental tests
of quantum physics and quantum gravity [6], and a future
quantum internet [7]. They require stationary qubits to
store and process the quantum information and flying
photonic qubits for communication. Interfacing station-
ary and flying qubits is therefore a critical component
of any such network. Current implementations and pro-
posals for quantum networks require cryogenic tempera-
tures. Eliminating the requirement for cryogenics would
be a major technological breakthrough.
Nitrogen-vacancy (NV) centers have excellent electron
and nuclear spin properties even at room temperature
[8, 9] and are thus promising candidates for stationary
qubits. Entanglement between distant NV center spins
has been created via the direct emission of photons at
cryogenic temperatures [10], enabling the first loophole-
free test of Bell’s inequality [11]. This approach cannot
be implemented at room temperature because the NV
center optical transition is dramatically broadened due to
phonon interactions [12]. As a consequence of the asso-
ciated dephasing, emitted photons are not indistinguish-
able and cannot be used for entanglement generation via
single-photon or two-photon interference [13].
Approaches to overcome this problem include looking
for alternative stationary qubits that have good optical
and spin properties at room temperature [14, 15], drasti-
cally speeding up the photon emission using ultra-small
mode volume cavities [16], or a combination of both. We
propose a promising strategy based on room-temperature
quantum optomechanics, which has the additional advan-
tage of allowing one to freely choose the photon wave-
length. Thus the emission could be chosen to be in the
telecom band, which is ideal for connecting distant sta-
tionary qubits through optical fibers.
The tremendous progress over the last few years in
fabricating low-loss and low-mass mechanical oscillators
and their capability to couple to a wide range of differ-
ent systems, including light [17] and NV centers [18, 19],
make them attractive as potential quantum transducers
[20–22]. Optomechanical systems are also emerging as
an alternative for engineering light-matter interaction at
the quantum level [23–26] and for creating nonclassical
correlations [27] even at room temperature [28, 29].
Experiments in the field of quantum optomechanics are
usually done at cryogenic temperature to reduce detri-
mental thermal effects. However, very recent advances
in achieving high mechanical quality factors in silicon-
nitride (SiN) devices with ultra-high Qmfm products [30–
33] greatly facilitates room-temperature operation, allow-
ing for our present proposal to use a spin-optomechanical
system as a room-temperature spin-photon interface that
emits single indistinguishable photons.
Our approach is guided by previous work on spin-
mechanical [36] and microwave spin-optomechanical in-
teractions [37, 38], which allows for engineering an effec-
tive Jaynes-Cumming interaction between dressed spin
states and a photon. Figure 1 shows a schematic of our
proposal where a dressed NV center ground-state mi-
crowave spin excitation can be converted into a single
photon in the telecom band. The spin-photon interaction
is mediated by a mechanical oscillator that is controlled
and cooled by two continuous-wave lasers.
The dressed spin system provides qubit states that can
be robust against nuclear spin-bath fluctuations while
also allowing for a strong tuneable microwave spin tran-
sition to facilitate a magnetic spin-mechanics coupling to
the optomechanical device [36, 39]. The mechanical oscil-
lator with resonance frequency ωm = 2pifm is coupled to
a Fabry-Pe´rot cavity by a radiation pressure interaction
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2[17]. To generate a single photon (sp), a beam-splitter
type optomechanical interaction is induced by driving a
cavity mode (ωsp) with a red-detuned control laser (ω
L
sp)
near the phonon sideband (ωsp − ωm).
By adjusting the microwave dressing, the spin tran-
sition (ωq) can be tuned to match the detuning of the
optomechanical control laser (ωq = ωsp − ωLsp). When
both the spin transition and the laser are detuned rela-
tive to the phonon sideband by δ = ωq−ωm, the excited
spin state will undergo a Raman transition to generate
a single photon at the cavity frequency while only virtu-
ally exciting the mechanical oscillator [37, 38]. From an
energy conservation perspective, this process combines
a spin excitation with a single control laser photon to
produce a single photon at the cavity frequency. This
Raman approach protects the spin from decoherence due
to thermal fluctuations of the mechanical oscillator, al-
lowing highly-indistinguishable emission.
To minimize the impact of thermal fluctuations and
bring operation to room-temperature, the oscillator must
be cooled during the spin-photon interaction. This can be
achieved by optomechanical ground-state cooling [17] us-
ing the same interaction that mediates the single-photon
extraction. However, the laser used to engineer a Raman
transition is detuned from the phonon sideband by δ and
does not provide efficient cooling. Also, using the same
cavity mode for both single-photon extraction and cool-
ing increases thermal noise in the single-photon channel.
We propose to solve these problems by cooling (c) the os-
cillator using a different cavity mode (ωc) by driving the
phonon sideband with a cooling laser (ωLc = ωc − ωm).
Even with efficient cooling, the remaining thermal fluc-
tuations still cause some constant thermal emission into
the single-photon channel. To reduce this effect, and im-
prove the performance of the interface, we also consider
an optical switch at the output of the device to tempo-
rally post-select the single-photon.
We quantify the performance of the interface by con-
structing a numerical model and calculating the effi-
ciency, indistinguishability [34, 35], and purity [34] of the
single photon. We then discuss potential implementa-
tions and show that high performance is a realistic goal.
We model the two Fabry-Pe´rot cavity modes corre-
sponding to ωsp and ωc with damping rates κsp and κc
for single-photon extraction and optomechanical cooling,
respectively. One mirror of the cavity serves as the me-
chanical oscillator with a damping rate of γm and a mean
phonon number nth = kBT/~ωm. The spin-mechanics
coupling to the nearby NV center is induced by a small
magnetic tip attached to the oscillator.
The NV center spin triplet ground state has a zero-field
splitting of ω0/2pi = 2.88 GHz separating the |ms = 0〉
and |ms = ±1〉 states, a spin relaxation rate of γ, and a
decoherence rate of γ?  γ. For an NV center with its
z-axis aligned with the magnetic field, the NV-mechanics
coupling is λ(bˆ + bˆ†)Sˆz, where bˆ is the phonon anni-
FIG. 1. Schematic of the proposed spin-optomechanical trans-
ducer emitting indistinguishable single photons. The optome-
chanical system consists of a trampoline membrane oscillator
coupled to a high finesse optical cavity. A magnetic tip on the
membrane couples the oscillator to the dressed ground states
of an NV center implanted in a diamond substrate. The cool-
ing laser keeps the oscillator near its ground state while the
control laser induces the spin-photon interaction required to
extract a single telecom photon.
hilation operator, Sˆz is the z component of the spin,
λ = 2µBxzpfGm/~ is the spin-mechanics coupling rate,
xzpf =
√
~/2mωm is the zero-point fluctuation amplitude
with an effective massm, and magnetic field gradientGm.
To create a tunable transition for spin-mechanics cou-
pling, we consider NV spin states dressed by a microwave
field with Rabi frequency Ωq and detuning ∆q  Ωq [36]
(see Fig. 2). For splittings on the order of ωq ' 2pi MHz
 ω0, the NV center’s Hamiltonian becomes HˆNV =
ωqσˆ+σˆ− where ωq = Ω2q/∆q and σˆ− = |d〉 〈e| is the low-
ering operator for qubit states |e〉 = (|−1〉 + |+1〉)/√2
and |d〉 = (|−1〉 − |+1〉)/√2). Then the spin-mechanics
coupling becomes λ(σˆ− + σˆ+)(bˆ+ bˆ†).
The total system Hamiltonian, after linearizing
the optomechanical interactions [17], is given by
Hˆ = ωq(σˆ+σˆ− + aˆ†aˆ) + ωm(bˆ†bˆ+ cˆ†cˆ) + HˆI with an in-
teraction term HˆI = (λσˆ− + gspaˆ+ gccˆ) (bˆ+ bˆ†) + h.c.,
where aˆ and cˆ are the cavity mode annihilation oper-
ators for the single-photon and cooling modes, respec-
tively. The rates gsp and gc are the optomechanical cou-
pling rates, which can be tuned by adjusting the respec-
tive intensities of the driving lasers. We model the total
dynamics of the system using the master equation
ρ˙ = −i[Hˆ, ρˆ] + γ?D[σˆ+σˆ−]ρˆ+ κspD[aˆ]ρˆ+ κcD[cˆ]ρˆ
+γmnthD[bˆ†]ρˆ+ γm(1 + nth)D[bˆ]ρˆ,
(1)
where D[Aˆ]ρˆ = AˆρˆAˆ† − Aˆ†Aˆρˆ/2 − ρˆAˆ†Aˆ/2. Figure 2c
shows a reduced level diagram of the system illustrating
the effective Raman transition.
We model the optical switch using a rectangular gate
3FIG. 2. (a) The NV ground-state spin triplet dressed by a mi-
crowave field with Rabi frequency Ωq and detuning ∆q. (b)
The dressed states |e, d〉 = (|+1〉 ± |−1〉)/√2 provide a tun-
able system with ωq = Ω
2
q/∆q that couples to the mechanical
oscillator. (c) The level diagram of the effective Raman tran-
sition. The excited spin state |e00〉 with decoherence rate
γ? is coupled to the δ-detuned state bˆ†|d00〉= |d10〉 by mag-
netic coupling rate λ; |d10〉 then couples to aˆ†|d00〉 = |d01〉
by the optomechancial coupling rate gsp. This indicates the
absorption of a control laser photon and oscillator phonon to
generate a single photon that is released by the cavity at the
rate κsp, leaving the system in |d00〉. In the adiabatic regime,
|d10〉 is bypassed due to the Raman detuning δ, allowing the
effective coupling rate Ω = λgsp/δ. (d) An illustration of the
single-photon wavepacket with lower and upper gate times.
function where tl is the beginning time and tu is the
end time of the gate. An illustration of the emitted
wavepacket and gate times is shown in figure 2d. The
brightness of this wavepacket is defined as the average
number of emitted photons: β = κsp
∫ tu
tl
dt 〈aˆ†(t)aˆ(t)〉.
This brightness closely approximates the single-photon
efficiency when the purity is high. We characterize the
purity by the integrated second-order correlation func-
tion g(2)=
∫ tu
tl
dt
∫ tu−t
0
dτ 〈aˆ†(t)aˆ†(t+ τ)aˆ(t+ τ)aˆ(t)〉 /N ,
whereN =
∫ tu
tl
dt
∫ tu−t
0
dτ 〈aˆ†(t)aˆ(t)〉 〈aˆ†(t+ τ)aˆ(t+ τ)〉.
A small g(2) corresponds to high single-photon pu-
rity. Similarly, we define the indistinguishability as
the probability for two source photons to interfere
I =
∫ tu
tl
dt
∫ tu−t
0
dτ | 〈aˆ†(t+ τ)aˆ(t)〉 |2/N [34, 35].
For sufficient optomechanical cooling 〈bˆ†bˆ〉  1, a large
Raman detuning δ  λ, gsp, and when the rotating-wave
approximation is valid (δ, gc  ωq, ωm), the mechani-
cal oscillator can be adiabatically eliminated to obtain
an effective spin-photon coupling [37, 38]. Reaching this
regime is difficult at room temperature; however, a co-
herent spin-photon interface can still be achieved by only
weakly satisfying these requirements. We verify this by
numerically solving the full system described by equation
(1), taking into account both single-photon extraction
and optomechanical cooling without adiabatic elimina-
tion or rotating-wave approximations.
In the adiabatic regime, a Jaynes-Cummings type in-
teraction dominates Ω(aˆσˆ+ + aˆ
†σˆ−), where Ω = gspλ/δ
and the effective thermal noise becomes Γth =
gspλnthγm/δ
2 [38]. The advantage of this regime be-
comes apparent by increasing δ until the coupling rate
exceeds the thermal noise. In this regime, the single-
photon generation is mathematically similar to a cavity-
emitter Purcell effect in the critical regime [16]. We fol-
low methods similar to [16, 35] to identify that the ef-
fective rate of single-photon emission is R = 4Ω2/(κsp +
2γ? + 4Γth) and the maximum single-photon efficiency is
β0 = R/(R+ 2Γth). Therefore a highly efficient interface
requires R Γth. In addition, the indistinguishability is
maximized near the critical coupling condition R = κsp
[16], which for κsp  γ?,Γth implies δκsp = 2gspλ.
To simulate the performance, we first allow the sys-
tem to reach an equilibrium state under influence of the
cooling laser. Then we prepare the spin state in |e〉 to
compute aˆ(t) and its associated correlation functions us-
ing a numerical implementation of quantum regression
theorem with Runge-Kutta integration methods.
We find that indistinguishability and purity are op-
timized around tu = pi/R (Fig. 3a). In addition, de-
creasing the total gate time increases indistinguishability
at the cost of brightness, but it cannot arbitrarily im-
prove purity as this is limited by the constant thermal
emission rate (Fig. 3b); however, increasing mechanical
quality factor improves both indistinguishability and pu-
rity (Fig. 3c). Note that with a higher mechanical quality
factor, the gate time can be increased to also improve the
brightness. We also find that the source is robust for spin-
dephasing rates up to γ? = Ω = 2pi × 10 kHz (Fig. 3d).
Moreover, because the thermal noise scales as Γth ∝ T ,
the source is also robust against temperature (Fig. 3e).
This is made possible by the efficient cooling of the me-
chanical oscillator. For this, κc is chosen to remain in the
sideband-resolved regime (κc < ωm) while not being so
small as to cause normal mode splitting of the optome-
chanical states (gc < 2κc); gc must also be large enough
to provide efficient cooling (4g2c > nthγm(2nthγm + κc)),
leaving a range for high performance (Fig. 3f).
The three crucial requirements for our proposal are
ultra-high mechanical quality factor oscillators at MHz
frequencies, large spin-mechanics coupling, and optical
cavities with a narrow bandwidth. Mechanical quality
factors as high as 108 were reported for SiN trampo-
line membranes [30–32]. Recently, 109 was reported by
Ghadimi et al. for nanobeams of the same material [33].
The principles for engineering high quality factors are
dissipation dilution [40] and strain engineering [32, 33].
It was shown in [33] that a combination of these two
methods for a mechanical oscillator with intrinsic qual-
ity factor Q0, frequency fm, thickness h, leads to the
following scaling Qm ≈ Q0σ2/3Eρh2f2m, where E is the
Young’s module and ρ is the material density. For fm = 2
MHz and the parameters as in [30], one could get quality
factors as high as 1010. Further improvement in Qm is
possible by enhancing Q0 by surface conditioning [41].
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FIG. 3. (a) Indistinguishability I, brightness β, and purity
g(2), as a function of gate end time tu for tl = 0. (b) Improve-
ment in the indistinguishability at the cost of brightness by
decreasing total gate time t′u − tl for fixed t′u = 22 µs. (c)
Improvement in indistinguishability and purity by increasing
mechanical quality factor. Single-photon quality as a function
of (d) spin-dephasing rate, (e) temperature, and (f) cooling
mode optomechanical coupling rate. Parameters used for all
plots: T=300 K, Qm = 5 × 108, fm = 3 MHz, δ = 2pi × 1
MHz, λ = gsp = 2pi × 100 kHz, κsp = 2Ω = 2pi × 20 kHz,
κc = 4gc = 2pi × 600 kHz, γ? = 2pi × 0.2 kHz [8], tl = 10 µs,
and tu = 22 µs unless otherwise indicated.
For the parameters given in the caption of figure 3,
we estimate I = 0.98, purity g(2) = 0.07, and brightness
β = 0.48. For fm = 2 MHz and Qm = 10
10, we estimate
it is possible to achieve I = 0.991, g(2) = 0.0077, and
β = 0.70 using gsp = λ = 2pi×50 kHz, δ = 2pi×0.6 MHz,
κsp = 2Ω, κc = 2gc = 2pi × 60 kHz, tl = 20 µs, and tu =
65 µs. Notably, a larger Qm reduces the thermal noise
and allows for high performance with a slower interaction
rate, reducing the required spin-mechanics coupling.
To achieve the spin-mechanics coupling, a magnetic
field gradient of Gm ∼108 T/m is needed for an oscilla-
tor with ∼0.1 ng effective mass. A gradient of 107 T/m
has already been reported at 25 nm from a magnetic tip
[44]. Engineering suitable oscillators with ∼pg effective
masses [33] would reduce the required gradient by one
order of magnitude. In addition, recent advances in di-
amond surface treatment allow stable NV centers to be
implanted 5–10 nm below the surface with significantly
less degradation to their spin coherence times [45, 46].
The closer proximity can increase the gradient by two
or three orders of magnitude, allowing a sufficient spin-
mechanics coupling. For example, Ref. [45] reported
an NV center at 10 nm with γ? = 2pi × 5 kHz, which is
within the decoherence tolerance of our proposal. A large
magnetic field gradient might shorten the spin coherence
time due to magnetic domain noise of the tip material
[19]. This could be avoided by using a single-domain
rare earth nano-magnet [19, 47].
For the optomechanical cavity, we consider a 60 cm
long Fabry-Pe´rot cavity with a finesse of 12000 (κsp =
2pi × 20 kHz) driven by a ∼ 30 µW laser. Such a high
finesse cavity could be realized by patterning a 2D pho-
tonic crystal on the SiN membrane [30]. The tip could
be located at a node of the optical field to minimize
any disturbance to the cavity mode. The reflectivity of
the photonic crystal pattern will vary for different spec-
tral modes of the cavity. Thus a more broadband mode
(κc = 2pi × 600 kHz) driven by a ∼1 mW laser could
be used for efficient cooling. The cavity length could be
reduced by improving the finesse using a three-mirror de-
sign [30] or by speeding up the interface. The latter could
be achieved using a stimulated adiabatic [42] or supera-
diabatic [43] Raman scheme by shaping the microwave
dressing (Ωq) and optomechanical (gsp) rates.
To summarize, the design we envision would com-
bine a SiN photonic crystal trampoline membrane [30]
with strain-engineered arms [33] and a single-domain rare
earth magnetic tip [19, 47] sitting ∼ 10 nm away from
a shallow-implanted NV center in surface-treated dia-
mond [45]. This proposal is adaptable to other configura-
tions. For example, other oscillator geometries could also
be successful and more compact. Also, there could ex-
ist other defects that have good room-temperature elec-
tronic spin coherence but poor optical properties.
In addition to being a single-photon source, the spin-
optomechanical interface could generate spin-photon
entanglement by first preparing the NV center in
(|e〉+ |0〉)/√2. The emission of a telecom photon from
|e〉 would then create the spin-photon entangled state
(|d〉 |1〉 + |0〉 |0〉)/√2. Two spatially-separated devices
could then be entangled using the Barrett-Kok procedure
[48]. Interestingly, for long-distance quantum networks,
the repetition rate is limited by ms communication times
[49] and so a slow interface is not an issue.
In conclusion, given the recent progress in achieving
ultra-high mechanical quality factors, ultra-narrow op-
tomechanical cavity bandwidths, and shallow-implanted
NV centers, the realization of room-temperature spin-
photon interfaces based on spin-optomechanical trans-
duction is within reach. Together with proposals for
non-cryogenic NV-based quantum information proces-
sors [50, 51], this component could be the missing piece
needed to develop a quantum internet that can operate
at room-temperature.
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